The influence of spherical nanoparticles (NPs) of nickel Ni° (70±0.3 nm in diameter) in the concentrations of 0.025, 0.05 and 0.1 M on the root part of 4-day-old seedlings of wheat Triticum vulgare wheat has been studied. After treating plants with nanoparticles, an increase was observed in the fluorescence of dichlorofluorescein and malondialdehyde (MDA), as well as strong haphazard DNA degradation down to discrete fragments of flowing nucleotides without forming abnormal apoptotic "ladders"; these effects were directly dependent on the dosage. Fluorescence microscopy and assessment of cell viability by the number of dead cells showed an increase in plant cells death after increasing the number of NPs in the environment, primarily by the way of necrosis.
INTRODUCTION
Despite the multi-level intracellular cells protection from stress, under the action of adverse factors of environment, an increase in the concentration of reactive oxygen species (ROS) and triggering of the cascade mechanism of oxidative stress are observed, which lead to destruction of vital cellular components and cell death 1 . From this point of view, plants are no exception, and are almost constantly exposed to especially in the presence of nanoforms of metals with variable valence 2 . Most plant species are able to adapt to metals NPs using various mechanisms 3, 4 . However, in general, these mechanisms are not sufficient for preventing increased levels of antioxidant enzymes 5 , lipid peroxidation 6 and damage to the photosynthetic pigments 7 , decreased mitotic index, increased number of pyknotic micronuclea 8 , damaging of DNA molecules 9, 10 , cytotoxic effects 11 with changing cells proliferation and differentiation 12 .
In connection with the above, the relevance of studying the effects of variable valence metals NPs as inductors of oxidative damage confirms the necessity of detailing the alleged mechanisms of supposed processes in plants in vitro and in vivo.
MATERIALS AND METHODS
Commercially available spherical nickel of NPs Ni° purchased from the Advanced Powder Technologies LLC (Russia, Tomsk) obtained by electric explosion of a conductor in the argon atmosphere were used in the research. The material certification (particle size, polydispersity, voluminosity, quantitative content of fractions, surface area) of the preparations included electronic scanning, transillumination and atomic forced microscopy with the use of LEX T OLS4100, JSM 7401F, JEM-2000FX ("JEOL", Japan). Particles size distribution was studied with the use of nanoparticles analyzer Brookhaven 90Plus/BIMAS and ZetaPALS Photocor Compact ("the Photocor", Russia) in lyosols obtained by dispersing at ultrasonic disperser UZDN-2T (Russia), under the following conditions: f=35 kHz, N = 300 W, A=10 µA, for 30 min. NPs size was determined with the use of electronic microscope JSM-740 IF. The results of nanoparticles certification showed that nickel NPs of nickel had the size of 70±0.3 nm and the Zpotential of 25±0.5 mV.
The method of the performed research was the using of seeds of Triticum vulgare processed with of NPs nickel, which had been preliminarily disinfected in 0.01% solution of KMnO 4 for 5 min, and, after triple rinsing with distilled water, placing each time 10 pieces on the substrate made of filtering paper into plastic Petri dishes and allowing them to grow in a climatic chamber ("Agilent", USA) with 12-hour illumination at 22±1 °C for 4 days. In order to avoid drying, all samples were watered with 5 ml of distilled water every other day [7] , and in order to avoid changing the redox status of the tested plants, the nutrient solution was not used. Then, each test sample was rinsed with 5 ml of the solutions of 0.1, 0.05 and 0.025 M of NPs nickel (concentration by metal) of distilled water, treated with ultrasound at the frequency of 35 kHz in the source of cell type Sapphire TTC (PCC "Sapphire", Russia) for 15 min, and left for 4 hours. The group of the control plants was kept in the distilled water. After incubation, the root part of the plants was used for the analysis 13 .
The level of lipid peroxidation (LPO) was determined by the degree of accumulating the product of malonic dialdehyde (MDA) reaction with thiobarbituric acid (TBA) 14 . To do so, 100 mg of wheat tissues were mashed in 200 µl of 20% trichloroacetic acid (TCA). The obtained homogenate was centrifuged for 5 min at 12000 g. 100 µl of supernatant was introduced into sealed rest tubes, 100 µl of 20% TCA was introduced into the control samples, and 0.5% solution of TBA were introduced into the experimental samples. The samples were incubated in a boiling water bath (100°C ) for 30 min, then cooled down at the room temperature, and the optical density was measured at the wavelength of 532 nm, and at 600 nm for correcting the non-specific absorption. The calculation was performed using the following formula:
where C is the amount of MDA, mmol/g of wet weight; D is the optical density of the sample at 532 nm; 155 is the MDA extinction coefficient at 532 nm, mM -1 cm -1
; X is the dissolution, V is the volume of the extract, ml; m is the mass of wet sample, g; l is the optical path length, cm 14 . The level of LPO was expressed in percent, with 100% being the number of TBA-reacted products contained in the cells of roots treated with plants paraquat. In order to study the level of intracellular ROS content and the redox state of the cell under the influence of NPs, fluorescent dye 2,7-dichlorotetrafluoroethane diacetate (DCFH-DA) (Sigma, USA) was used, which, after getting into the cell under the action of ROS is oxidized to the fluorescent 2,7-dichlorofluorescein (DCF) 15 . For measuring ROS, the apical part was cut off the wheat shoots after 4-hour exposure to NPs, and incubated in 10 µl of 0.25 µm DCFH-DA in the dark in the atmosphere of 5% CO 2 at 37° C for 40 min 13 . Immediately before the microscopic analysis, the cells were rinsed from the excess of fluorochromes with a solution freshly prepared from PBS pellets ("Ambresco", USA) and a squash slice was prepared. The samples were scanned with the use of fluorescent trinocular microscope "Micromed-3 LUM" ("Micromed", Russia) equipped with a mercury lamp for the light source. Images of the objects were obtained in real-time with the use of the visualization kit on the Levenhuk C800WG camera. Fluorescence was detected in two channels that correspond to the two peaks of chromophore excitation (410 nm and 490 nm) and the peak of emission 530 nm.
In parallel, DCF fluorescence was measured in cells at λex=485 nm, λem=530 nm on the multi-plate reader "Infinite 200 Pro" ("Tecan", Austria). To do so, cell suspension was prepared beforehand by meshing 40 mg of apical root part of plants with a Teflon pestle in the Eppendorf type test tubes with 200 µl of chilled prepared PBS solution. Next, the resulting suspension was centrifuged at 13,000 rpm for 10 min, the precipitate was cooled for 10 min on ice (to make protein fractions precipitate), centrifuged again, and 100 µl were sampled into the lunules. Next, 10 µl of the dye solution were added to the samples, and the samples were incubated at +37ºC. Next, the cells were rinsed twice in a PBS solution and the intensity of fluorescence was measured.
Development of the DNA-damaging effect in wheat, namely, the dynamic structural reorganization and topological modifications, was analyzed in the selected genomic DNA from plant roots with the use of a set of reactants "DNA Extran" ("Synthol", Russia), the content of which was quantified spectrophotometrically via the ratio of absorbing 260/280 nm after diluting 100 µl of the DNA solution to 1 ml. In the calculations, 50 µg/ml was taken as an optical absorption unit for a twospiral DNA at the wavelength equal to 260 nm and the optical path length of 1 cm. The same amounts of DNA (10 µg/lunule) and DNA marker 10 Kb (M12) ("SibEnzyme", Russia) were introduced into the gel lunules.
The topological changes in the DNA were analyzed using the method of horizontal electrophoresis in 1 % type I universal agarose ("Helicon", Russia) in the presence of 0.5 µg/ml of ethidium bromide ("Laboratory building "A", Russia). The electrophoretic separation was performed in TBE buffer (0.04 M of Tris-HCl, 0.002 M of EDTA, 0,089 M of boric acid, pH 7.2) using power supply "Elf-8" ("Helicon", Russia) at the voltage of 5 V/cm and the current of 200 mA for 1.5 hours. The result of samples electrophoretic mobility in the gel was assessed in the UV transilluminator ("Vilber Lourmat", France). The gels were photographed with the Nikon D3200 camera and the obtained digital images were processed with the tools of the universal computer application "ImageJ" ("National Institutes of Health", USA). The ratio of DNA damaging effect of the NPs was calculated as the ratio of the total number of fragments of more than 1000 base pairs (form I) to the fragments of less than 1000 base pairs (form II)..
Viability of the suspension of wheat cultures was determined using the modified method 16 . The method is based on spectrophotometric determination of cell culture viability according to the degree of retention in dead cells of the Evans blue dye, which is unable to penetrate living cells. For performing the analysis test, the prepared (as described above) cell suspension (100 µl) was mixed with 10 µl of 0.025% solution of the Evans blue in a microtiter plates with 96 wells, and incubated for 15 min at room temperature. Then the samples were rinsed from the excessive and unbound dye with distilled water and 1 ml of 1% sodium dodecylsulfate (SDS) solution kept in a water bath at 60 °C for 30 min and centrifuged for 10 min at 9000 g. Each sample was matched to a control comparison, i.e. a sample consisting of 100% dead cells. For obtaining control comparison, a suspension of wheat cells was kept in the standard oxidizer solution -10 mM of paraquat, PQ (methylviologen) ("Sigma", USA) for 1 hour. After that, the optical density was measured at the wavelength of 600±10 nm with an automatic multi-plate reader. The number of dead cells (in %) was calculated from the ratio of optical density of the test samples to the value of the positive control of paraquat, minus the background absorbance of the 1% SDS solution. In parallel, microscopy of the root part of the plants was made after exposure to NPs in the concentration of 0.1 M, colored with the dye, and the percentage of dead cells in the zone of stretching was counted, compared to the PQ with the use of the light mode of the "Micromed-3 LUM" microscope.
The method is based on simultaneous staining cells with multiple fluorophores -ethidium bromide and acridine orange (AO). The negatively charged ethidium bromide, like, penetrates only the cells with damaged membranes, intercalates into the DNA, and fluoresces in the red area, staining necrotic cells most intensely. AO, on the contrary, penetrates through the plasma membranes freely, and, as a result of hydrolysis, fluorescences in the green area, and is pertained in cells with undamaged membranes (living cells) due to its charge, staining live cells less intensely, and the apoptotic cells in bright green 17, 18 . Preparation consisted in staining the root part of wheat plants with a mixture of dyes in the ratio of 1:1, and incubating samples at 4°C for 15 minutes. Next, the samples were rinsed and studied by optical microscopy at the magnification of x100 and x400; and the number of necrotic and apoptotic cells was counted.
The laboratory experiments were performed in 3 biological repetitions; analytical determination for each sample was performed in three repetitions. The reliability of the experimental data was assessed with the use of mathematical statistics methods involving the "Statistica 10.0" software suite.
RESULTS AND DISCUSSION
Development of oxidative processes in plants under the influence of the nanoparticles may be manifested by the level of LPO after the influence, by accumulation of MDA, diene conjugates and other TBA-active products. Judging by the level of the LPO, even when small amounts (0.025 and 0.05 M) of NPs Ni° were introduced into the growing medium for 4 hours, the amount of MDA increased by 24.4-31.5%, as compared to negative control (water), and by 17.5-25.2%, as compared to PQ control. With that, the MDA content after exposure with 0.1 M NPs Ni° was already 0.0017819 mmol/g of wet weight, which is 36.7% and 42% more than the above mentioned controls, respectively (P<0.05) (Figure 1) . Indeed, incubation of Triticum vulgare seedlings for 4 hours with 0.1 M of NPs Ni° showed a marked increase in the number of intracellular oxidants (H 2 O 2 , HO•, ROO•) due to the transformation of 2,7-dichlorodihydrofluoresceine diacetate (DCFH-DA) during oxidation into its fluorescent derivative, 2,7-dichlorofluoresceine (DCF) [15] . So, after exposure to NPs Nio, there was an increase in the ROS content by 57 and 45 %, as compared to processing with distilled water ("+" control) and PQ ("-" control) in vivo, respectively (P<0.05) ( Figure 2 ).
Next, we were interested in the interdependent mechanism of the oxidative stress and cell death. To do so, we first analyzed mobility and topological changes in the DNA extracted from the root part of Triticum vulgare after 4 hour incubation with Ni° NPs. The DNA electrophoretogram showed that the least migrant in the agarose gel, and the closest to the start was form I, which was the highest value among the control samples. Visualization of the results showed stronger degradation in the experimental samples, as compared to the control DNA, which was recorded in the form of a "smear" (or "track") of fragments with variable molecular weight ( Figure  3 ).
In the quantitative ratio, the effect of NPs Ni° on the topology of DNA and its damage was dose-dependent: when exposed to NPs at the concentrations of 0.1, 0.05 and 0.025 M, an increase in fragments < 1000 b.p. occurred (form II) 2.5, 1.69 and 1.67 times as compared to the control; the coefficient of DNA damage was 1.083±0.009, 0.923±0.043 and 0.886±0.035 (against that of the control, equal to 0.724±0.02), respectively (P<0.05).
So, after introducing NPs Ni°, the electrophoretic mobility changed from the position of reducing the total content of fragments weighing over 1000 n.p.; with increasing the concentration of introduced NPs to 0.1 M, transition of the main DNA mass to another area is observed -less than 1000 b.p. with haphazard degradation to non-discrete fragments in the form of a visible "plume" of flowing nucleotides.
Simultaneous staining cells with fluorophores -ethidium bromide and acridine orange (AO) -showed that after the influence of NPs Ni° in the maximum concentration, the main amount of necrotic cells, and only a few apoptotic cells were visualized (Figure 4 ). In this connection, when NPs Ni° are introduced into the medium, the number of dead cells increased on the average 11 times, as compared to the negative control (distilled water), and the effect directly depended on the dose. However, the specified influence on plant cells was less intensely manifested than after adding 10 mM of PQ, when the share of dead cells was 100% (P≤0.05) ( Figure 5 ).
Summing it up, the increased fluorescence of DCF and LPO indicates general oxidative stress, rather than generation of specific ROS 13, 15 . Electrophoresis of DNA molecules obtained from the root part of analyzed plants in the agarose gel showed strong degradation of the molecules of the test samples in the form of "plume" (or "track") of fragments with variable molecular weight, however, no bands with abnormal electrophoretic mobility in the form of an apoptotic step-like "ladder" have been found in course of gel visualization, which fact may indicate the absence of restriction in the rosellate chromatin loops with caspases or endonucleases 19 . Note that the change in mobility from the point of view of reducing the total content of fragments of conformation I (over 1000 b.p.) and transition of the main DNA mass to another area -the area of conformation II (less than 1000 b.p.) with random degradation to non-discrete fragments of mobile nucleotides, rather signifies typical necrotic destruction of the cell in the conditions of excessive ROS after exposure to nickel as a metal of variable valence with a large surface area of the particles and reactivity [20] [21] [22] [23] [24] [25] . Most significantly this effect is observed when NPs concentration is increased, and the coefficient of DNA damage is calculated. This assumption confirms simultaneous staining of cells with fluorophores -ethidium bromide and AO, where the main quantity of necrotic cells was visualized, as well as a small quantity of apoptotic cells 18 . And, finally, introducing NPs Ni° into the medium showed an increase in the number of dead cells, as compared to distilled water, but in general the effect was considerably less negative, unlike the positive control of paraquat.
CONCLUSION
This study showed that of NPs Ni°, as a metal with variable valence, contribute in a multiplex manner to generating ROS 26 , to development of cytogenetic damage in wheat by the way of necrotic death of cells. The primary effect is explained by the increased DCF fluorescence and by the induction of synthesis of TBA-active products that trigger the LPO reaction 6 . Many researchers indicated that the acute activation of secondary effects in metal-containing NPs was manifested by formation of adducts with a DNA molecule 27, 28 , oxidative degradation 26 and apoptotic DNA fragmentation 29 . However, our studies did not reveal the destruction of apoptotic DNA 30 , but revealed the necrotic destruction of cells and the decrease in cells viability after 4 hours of incubation in a medium with NPs the metal of variable valence, nickel, as discussed in 21 .
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